S prinklers are used extensively in a variety of fire protection applications. These systems are required to perform effectively over a wide range of extremely harsh and complex operating conditions. The sprinkler performance depends on the initiation, formation, dispersion and surface cooling characteristics of the sprays created by these devices. The behaviour of sprinkler sprays is strongly coupled with the fire dynamics in the surrounding environment, making characterization of these sprays and their corresponding performance quite challenging. The present paper provides a discussion of the important fundamental transport process for sprinkler sprays in fires. Mathematical models are provided for these processes in order to quantitatively characterize sprinkler spray performance. These mathematical models are well suited for incorporation into CFD codes or other fire modelling tools in order to analyze and predict fire suppression performance.
INTRODUCTION
Sprinklers are used nearly universally in building fire protection systems. The simplicity and effectiveness of these devices have made them a popular fire suppression choice for many years. The elementary suppression mechanisms for water based suppression are extraction of heat from the fire gases during droplet vapourization, displacement of oxygen resulting from displacement of air during drop vapourization and expansion, attenuation of heat feedback from the fire by absorption and to a lesser extent scattering of the thermal radiation by the spray, and surface cooling by water vapourization on wet objects. These basic mechanisms are clearly understood; however, detailed physical models to describe and predict their behaviour are only now emerging, largely due to the complex transport behaviour at spray initiation and surface termination.
In fire research, suppression system design, and even fire investigation, it is often of interest to explore if and how these fires can be suppressed. Developments in CFD modelling have made it possible to simulate the gas (or continuous phase) behaviour of fires with a high degree of fidelity. However, before these tools can be used for fire suppression analysis, the detailed physics involved in sprinkler activation, atomization, spray dispersion and surface cooling (by drops) must be clearly understood. It is only then that descriptive models for the spray (dispersed phase) can be implemented into the CFD code. The strong coupling between the continuous phase and the dispersed phase, evidenced by the very existence of suppression, makes accurate dispersed phase models essential for fire protection analysis. The current paper characterizes sprinkler spray behaviour in a fire and presents mathematical models describing the important physical processes for sprinkler fire suppression.
The interaction between the fire and the spray has remained the central focus of research to predict and characterize sprinkler spray dispersion. Both Novozhilov (2001) and Grant et al. (2000) provide a thorough description of the fire-spray interaction and the resulting suppression. It should be noted that this interaction is readily predicted in CFD codes using well-developed mathematical models, which are briefly discussed herein, provided that the activation time, corresponding fire environment and initial drop characteristics are known. However, models to predict activation time and initial drop characteristics are just now emerging, making dispersion predictions challenging. The models to describe the droplet-surface interaction are also important, and the process is often neglected when modelling sprinklered fires. A discussion of these critical, yet largely unexplored, considerations is highlighted in this paper.
SPRINKLER ACTIVATION Primary Sprinkler
The first sprinkler that activates as the hot gases from the fire plume flow over it is identified as the primary sprinkler. The activation time of this sprinkler is well characterized in the literature and in the fire protection engineering practice (Heskestad and Bill, 1988) . The predictive model is based on a simple lumped-capacity heat transient analysis considering the heat stored in the sprinkler activation link and the convective heat transfer from the hot gases to the link itself. As the link reaches the activation temperature it collapses, opening the discharge nozzle and activating the water flow.
A parameter identified as the response time index (RTI) is introduced to group the physical characteristics of the sprinkler link. Making use of the RTI, the activation time is evaluated as:
Note that the ratio of the RTI and of the square root of the gas velocity represents the time constant of the system. Further, the RTI is considered constant for a given sprinkler over a broad range of conditions. Nonetheless, some variations in the RTI are observed with the orientation of the sprinkler with respect to the gas flow. In particular, when the orientation is such that both arms and the link are exposed simultaneously to the flow, the values of the RTI are lower than for the orientation where one arm is first followed by the sprinkler link and the second arm. This second arrangement is characterized as parallel to the flow.
Secondary Sprinklers
Once the primary sprinkler is active, water is introduced in the gaseous stream in the form of droplets. The details of the spray formation will be addressed in the following. Suffice to say that large droplets will travel downward in the fire plume while smaller ones will be lifted by the updraft and may reach to the location of neighbouring (secondary) sprinklers. Finer droplets will evaporate as they follow the hot gases. Some droplets of intermediate sizes will reach the surface of the secondary sprinkler links and deposit on them. The previous analysis for the primary sprinkler is modified to reflect the evaporative cooling contribution introduced by these water droplets. The droplet volumetric fraction is introduced to relate the water volumetric flow to the air volumetric flow rate. The collection efficiency represents the fraction of those water droplets that impact the link. The estimated value of the collection efficiency is 97% of the droplets that flow through the sprinkler link cross-sectional area (Aihara and Fu, 1986) . The evaporative cooling term is then given as the product of the air flow rate, the volumetric fraction of the water, its density, the collection coefficient and the latent heat of vapourization of the water. To simplify the notation, an evaporative cooling parameter C is introduced, yielding the following result (Ruffino and di Marzo, 2003) :
This formulation is based on the assumption that there is little chance of significant water build-up on the link (Grissom and Wierum, 1981; Paleev and Filippovich, 1966; Berry and Gross, 1972) . Considering that the heat transfer coefficient, in the range of Reynolds numbers of concern (i.e. 40-1000), depends on the square root of the velocity (Zukauskas and Ziugzda, 1985) , one finds that the activation time is given as:
Knowledge of the gas velocity as well as of the water volumetric fraction is needed to evaluate the activation time for secondary sprinklers. It is convenient to relate the evaporative cooling parameter to the sprinkler RTI. Introducing an error of less than 8%, one can obtain the following estimate of the evaporative cooling parameter:
Comparison of the activation times obtained experimentally using several hundred commercial sprinklers in various conditions confirm that this model predicts reasonably well the activation time for secondary sprinklers. Figure 1 provides a summary of the measured and calculated activations times for a variety of sprinklers and conditions. Some discrepancies are observed only for bulb-type sprinklers in orientations parallel to the flow because the arm leading into the flow effectively shields the bulb from the water droplets. This results in a reduced evaporative cooling effect. Therefore, for this particular case, the model tends to over estimate the activation time by up to 50%. In the figure, the point represented by the full symbol refers to this situation.
SPRINKLER SPRAY FORMATION
A spray is formed by breaking up a volume of liquid into small drops. This process is referred to as atomization. Atomization facilitates the dispersion of water over a large coverage area for protection of commodities not yet involved in the fire. Furthermore, atomization greatly increases the surface area of the injected volume of water. This increased surface area results in enhanced evaporative cooling of the hot smoke from the fire. Cooling this smoke reduces the heat feedback from the fire, resulting in abatement or even extinguishment of the fire.
Atomization Physics
For sprinkler sprays, the atomization consists of three distinct stages, as shown in Figure 2 . First, the jet formed at the exit of the injection orifice impinges on a striker plate to form a thin sheet. This thin sheet breaks up more readily than the relatively large-diameter jet formed at the exit orifice. Next, aerodynamic waves are established on the liquid sheet, resulting from the inevitable small disturbances within the flow. These aerodynamic waves are unstable and grow to a critical amplitude which causes the sheet to break into ring-like ligaments. These ligaments are also subject to disturbances and the formation of aerodynamic waves. Finally, the waves on these ligaments grow to a critical amplitude and break the ligaments into small fragments which contract (due to surface tension) to form spherical droplets.
Atomization Modelling
In order to predict spray dispersion, both atomization and drop dispersion (particle tracking) models are needed. Atomization models are required to provide initial conditions for the particle tracking models. The important initial conditions are the initial droplet location, droplet velocity and droplet size. These quantities are readily determined from careful modelling of each stage of the atomization process.
Sheet Formation
Both the velocity and thickness of the liquid sheet are critical parameters that govern the atomization process. The injection configuration of a sprinkler closely resembles that of an impinging jet. Free surface impinging jet theory is used to determine the liquid film thickness and velocity of the thin sheet formed at the deflector of a sprinkler (Watson, 1964) . Watson describes the radial spread and boundary layer growth of a liquid jet over a horizontal plane distinguishing four regions of the flow as shown in Figure 2 .
Region I
This is the stagnation region (r < d jet =2). The speed outside the boundary layer rises rapidly from zero at the stagnation point to U 0 , the speed with which the jet strikes the plane. The effect of the wall is contained in a very thin boundary layer, which is small compared to the film thickness.
Region II
This is the boundary layer region with Blasius similarity solution. The speed outside the boundary layer is unaffected by this latter and remains almost constant and equal to U 0 . In this region, the boundary layer grows until the wall influences the entire thickness of the film.
Region III
This is the transition region. The whole flow is of boundary layer type with velocity profile given by the Blasius solution. The free surface is perturbed by the viscous stresses. The velocity profile changes as r increases; however, the velocity at the free surface remains nearly equal to U 0 .
Region IV
In this region, the speed of the free surface decays more quickly with r. Velocity profiles in this region can be described by a non-Blasius similarity solution.
Watson's theory provides region specific expressions for the layer thickness based on the radial location. The initial thickness of the sheet is given by the layer thickness at the edge of the deflector. The deflector diameter is thus an important parameter governing the atomization process. For a deflector diameter corresponding to a radial location within region II, the expression for the sheet thickness is given by:
where d jet is the diameter of the jet, r d is the radius of the deflector plate, U 0 is the initial speed of the jet, and n L is the liquid kinematic viscosity. It should be noted that r 0 is not the radius of the sprinkler orifice, but the hydraulic radius of the jet and can be calculated from the sprinkler K factor where K is expressed in units of m 3 (s Pa 1=2 ) À1 . The sheet thickness, h d , can be rewritten as:
where r L is the liquid density and P is the total gauge pressure just upstream of the sprinkler. At the deflector plate exit the velocity is radial. The average speed of the sheet at this location may be calculated using the mass conservation between the sprinkler orifice and the deflector plate exit yielding
The speed of the sheet is assumed to be constant and equal to U throughout the breakup process. When the film exits the striker plate, the thickness of the resulting sheet continues to decrease as it expands radially. The thickness of the sheet is given by
where h is the thickness of the sheet along its radial extent given by the radial location, r. Equations (7) and (8) define important sheet parameters that control the atomization characteristics of the injector.
Sheet Breakup
The central mechanism for atomization is the breakup of the liquid sheet formed by the injector into ligaments (referred to as the sheet ! ligament stage in Figure 3 ). During this stage of the atomization process, disintegration of the continuous liquid stream is initiated. A wave dispersion model is used to predict the growth of the waves that persist on the liquid sheet (Dombrowski and Johns, 1963) . In this model, waves are assumed to exist on a thin sheet of liquid surrounded by quiescent gas. A force balance is performed on the undulating sheet considering inertial, pressure, viscous and surface tension forces. After considerable reformulation and simplification, the force balance can be expressed in terms of the growth rate of the waves present on the liquid sheet:
where U is the velocity of the sheet, n is the wavenumber (n ¼ 2p=l) is the wave number, f is the dimensionless wave amplitude, s is the surface tension, r A is the gas density, r L is the liquid density, m L is the liquid viscosity and h is the sheet thickness. This equation describes the growth rate for a single wavelength having wave number n. Numerous waves of varying wavelengths, and corresponding wave numbers, exist on the liquid sheet; however, only the wave number of the fastest growing wave, n crit,sh , is of interest. Both the fastest growing wave, n crit,sh , and the corresponding time varying dimensionless amplitude can be determined by integrating equation (9) with respect to time. Assuming that the sheet velocity, U, will remain constant until breakup, the breakup radius, r bu,sh , can be determined from calculating the time taken to reach a critical dimensionless amplitude, f crit,sh . This critical amplitude can be determined experimentally and does not depend on operating conditions; however, it may depend on the general injector configuration (Weber, 1931; Dombrowski and Johns, 1964) . The sheet is assumed to breakup into ring-like ligaments having an inner radius equal to the breakup radius, r bu,sh , a radial width given by l crit,sh =2, and a thickness given by the sheet thickness at breakup, h bu,sh . The mass of the ligament, m lig , is thus given by
An equivalent diameter for the ligament can be determined from
Ligament Breakup
The ligaments formed from the sheet breakup are also unstable and subject to the growth of waves that lead to fragmentation into drops. A simple relationship for the critical wavelength for breakup, l crit,lig , is given by (Weber, 1931) :
This fragment will contract into a droplet. Conserving the mass on the fragment, the characteristic droplet diameter,
Weber (1931) also provides an expression for the breakup time:
The distance that it takes for the ligaments to disintegrate into drops is easily calculated from the relative ligament speed, U, and t bu,lig . The initial drop location, r drop , is then given by the total distance the liquid travels until drops are formed:
The initial spray velocity, U, initial spray drop size, d drop , and initial spray location, r drop , are completely defined by equations (7), (13) and (15), respectively. These quantities are determined from the sprinkler geometry (K, r d ), injection pressure (P), surrounding flow gas phase fire conditions (r A , m A ), and liquid properties (s, r L ). It should be noted that for the current formulation the velocity of the gas in the vicinity of the sheet was assumed to be zero; however, the velocity of the fire would increase the relative velocity of the sheet. This relative velocity could replace the sheet velocity in equation (9). These atomization relationships provide a characteristic discrete initial spray conditions for a given sprinkler geometry and injection pressure, fire condition, and liquid suppressant. Of course in real applications, a multitude of drops with different sizes are created. In order to model this behaviour a stochastic analysis should be introduced (Rizk and Mongia, 1991) . Only the discrete equations have been provided in this paper to illustrate the physics of the atomization process.
Results from the atomization model are presented in Figures 4 and 5 to provide some sprinkler spray characteristics and to demonstrate the sensitivity of the models to injection pressure and ambient temperature. These predictions were obtained for a sprinkler type spray using an impinging jet atomization configuration. The atomization model predicts a strong dependence of drop size on injection pressure. Figure 4 shows that the droplet diameter,
The initial drop size and location are also very sensitive to the gas phase environmental temperature as shown in Figure 5 . The increased gas temperature reduces the gas density, r A in equation (9), which results in slower wave growth rates and longer sheet breakup times. Experiments are currently being conducted to compare and validate these model predictions.
SPRAY DISPERSION
The spray dynamics are strongly coupled with the continuous phase dynamics; therefore, equations for both phases should be solved simultaneously to obtain accurate solutions of the spray dispersion. The conservation equations of mass, momentum, and energy are typically solved using an Eulerian formulation for the continuous phase while the conservation equations are normally solved using a Lagrangian formulation for the dispersed phase. The governing equations for the continuous phase are the well-known equations of continuum mechanics and therefore will not be included in this discussion. It should be noted that the source terms in the gas phase mass, momentum and energy equations are determined from the conservation equations for drops. The equations describing drop dynamics can be determined from mass, momentum, and energy balances on the droplet assuming uniform properties (Crowe et al., 1997) . These equations are integrated using a time marching approach starting from specified initial conditions. The Lagrangian formulation of the dispersed phase is very sensitive to these initial conditions and reliable estimates for the initial droplet characteristics are required for accurate dispersion predictions. The initial conditions for the drop dispersion equations are provided by the atomization model previously discussed. The acceleration of the droplet is described by the momentum conservation equation:
where f drag is the friction factor describing the ratio of the drag coefficient to Stokes drag given by f drag ¼ (1þ 0:15Re 0:687 r ) (Schiller and Naumann, 1933) , t v is a velocity response time given by t v ¼ r l d 2 drop =18m A ,ũ u is the gas velocity,ũ u drop is the drop velocity, andg g is the gravitational acceleration vector, Re r is the Reynolds number based on the relative velocity, r L is the liquid density, d drop is the drop diameter, and m A is the gas viscosity. The evaporation of the droplet is described by the mass conservation equation:
where the Sherwood number is Sh ¼ h m d drop =D v , h m is the convective mass transfer coefficient, D v is the mass diffusivity, o H 2 O,1 is the mass fraction of water vapour in the gas environment, and o H 2 O,s is the mass fraction of water vapour at the droplet surface. The heating of the droplet is described by the energy conservation equation:
where T d is the droplet temperature, a rad is the radiative absorbtivity of the droplet, G is the irradiation, e is the radiative emissivity, s rad is the Stefan-Boltzmann constant, k a is the thermal conductivity of the gas,
A is a characteristic heating time for the droplet, c l is the specific heat of the liquid, the Nusselt number is given by Nu ¼ h T d drop =k A , where h T is the convective heat transfer coefficient, the Prandtl number is given by Pr ¼ u A =a A , the Schmidt number is given by Sc ¼ u A =D v , T 1 is the gas temperature, h L is the latent heat of vapourization, and c A is the specific heat of the gas.
SPRAY SURFACE COOLING
Once the water droplets reach solid surfaces exposed to the thermal radiation from the fire and to the hot gases convective heat transfer, they provide evaporative cooling thus reducing the average surface temperature. By keeping the surface temperature low, pyrolysis of the solid materials is curtailed and the solid is protected. The fire is contained since no more fuel becomes available and suppression is achieved.
To characterize these phenomena, the average surface temperature must be evaluated under convective and radiant heat input while a sparse water spray is applied. The vapourization of single droplets deposited on solid surfaces has been studies extensively. Two representative references are Bonacina et al. (1979) and Makino and Michiyoshi (1984) . A complete representation of the liquid-solid transient thermal interactions is given by di Marzo et al. (1993) .
The solid is treated with a boundary element technique yielding the following relationship for surface temperatures:
The temperature gradient at the surface, shown inside the integrals, is given by the solution of the thermal transient in the liquid subjected to a liquid-vapour boundary condition that encompasses water vapour mass transfer as well as the convective heat transfer component (White et al., 1994) . This boundary condition can be expressed as:
The radiant heat is absorbed in the bulk of the liquid. Consider a steady-state situation where the rate of change of the internal energy of the liquid is small. In this case one can integrated the energy equation for the liquid subjected to the above-mentioned boundary condition and equating the liquid and solid temperature at that interface. In order to simplify the formulation, it is useful to linearize equation (20) expressing the molar fractions in terms of the temperature making use of the Clausius-Clapeyron relationship. The radiant volumetric heat deposit in the liquid layer is expressed as H to yield:
With this model, one can obtain the time of vapourization associated with droplets of a given size on solid surfaces at a given initial temperature. To model a full water spray, close form solutions are introduced to represent the solid surface temperature during and after a single droplet vapourization transient. These solutions are based on Carslaw and Jaeger (1959) and can be represented as:
These equations describe the surface temperature evolution near the droplet site. In the far field a simpler representation is achieved considering the droplet as a point sink. This is expressed in the following form:
In the previous three equations the solid-liquid boundary condition is approximated with a constant heat flux condition expressed in terms of the droplet volume and of the initial wetted radius as the droplet impacts the solid surface as:
By keeping an appropriate inventory of the droplets reaching the solid surface, the temperature of the solid surface is determined by superposing all these cooling effects and the space and time averaged surface temperature can be calculated. Figure 6 shows how the model predictions match the experimental results for an initial solid surface temperature of 131 C and a water mass flux of 0.50 g m À2 s À1 .
SUMMARY
The important physical processes affecting sprinkler performance have been identified as activation, atomization, dispersion and droplet surface cooling. These processes have been described and discussed with mathematical models, model predictions, and experimental results. These mathematical models can be used for predicting primary and secondary sprinkler activation times. A model describing cooling effects from adjacent sprinklers resulting in delayed secondary sprinkler activation time has been recently developed and provided herein. Atomization models and droplet tracking models developed for sprinklers can provide very detailed information characterizing the initial spray and its subsequent dispersion. The atomization models recently developed for sprinklers show a strong dependence of the initial droplet conditions on not only injection pressure, but also on environmental fire conditions. Finally, detailed analysis has been conducted to describe the interaction of the drops with hot surfaces to predict the cooling and suppression behaviour of the fire. These models are critical for developing an understanding of suppression behaviour in fires and can be used to predict the performance and behaviour of fire suppression systems for development, design, or analysis applications.
constants, see equation (20) 
